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structure, MRNA. in H.O was incubated at 70° C. for 3 
min and the tube wes chilled on ice. Reverse transcrip- 
tase was added and the cDNA synthesis was carried ont 
at 42° C. far 60 min, The reaction was terminated by the 
addition of EDTA to 50 mM, cDNA yield wes moni- 
tored by TCA precipitations of samples removed at the 
start of the maction and after 60 min. Following cCONA. 
synthesis, the cONA existed as a cCONA-RNA hybrid. 
The cDNA-RNA hybrid was denatured by beating the 
mixture in a boiling water bath for 1.5 min, and cooled 
on ice. 

{c) Secood Strand DNA Synthesis ; 

Single-stranded cDNA. was allowed to sclf-prime for 
second strand synthesis. Hoth Klenow polymerase and 
reverse transcriptase were used to canvert ss CONA to 
ds cDNA. Klenow polymerase is employed first since 
its 3'~5’ exonuclease repair function is believed to be 
able to digest non-flush DNA ends generated by sclf- 
priming and can then extend these flush ends with its 
polymerase activity. Reverse transcriptese is used in 
addition to Klenow polymerase, because reverse tran- 
scriptase is believed to be less likely to stop prematurely 
once it has bound to a template strand. The Klenow 
polymerase reaction was in a final 100 pl volume ex- 
cluding enzyme. The reaction mix included 30 mM 
HEPES, pH 6.9, 10 mM MgCh, 50 mM KCL, 500 pM of 
each dNTP and cDNA. To begin the reaction, 20 to 40 
units of Klenow polymerase (usually less than 5 yi} 
were added and the tubes incubsted at 15° C for 3 hrs. 
The reaction was terminated by the addition of EDTA. 
10 50 mM. The mix wast extracted with phenol and the 
nucleic acids were precipitated, centrifuged and dried. 

The reverse reaction to further extend 
the anti-complementary DNA. strand was performed as 
described for the reaction to originally synthesize 
cDNA, except dT ois primer and RNAsin were absent, 
and 32 units of reverse transcriptase were used in « 120 
pl reaction, The reaction was terminated by the zddi- 
tion of EDTA to 50 mM. The mixture was extracted 
with an equal volume of phenol end the nucleic acid 
was precipitated, centrifuged and dried. 

(d} SI Naclease Treatment 

200 pl of 2x $1 buffer (12 $1 buffer is 30 mM sodium 
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aoctate, pH 4.4, 250mM NaCl, 1 mM Zatz), 175 pl af 45 


HzO and 425 units of $1 nuclease were added to the 
tubes containing 125 pl of the second strand syathesis 
reaction product. The tubes were incubated at 37° C. 
for 30 min and the reaction was terminated by addition 
of EDTA to 50 mM. The mixture wes extracted with an 
equal volume of phenol/chioroform (1:1). The aqueous 
phase was extracted with ethyl ether to remove residual 
phenol. The DNA was precipitated with ethanol and air 
dried. 

(¢) EcoRI Methylation Reactian 

Since the ds cDNAs were copied from a large viriery 
of mRNAs, many of the ds CDNAs probably contained 
interns! EcoRI restriction sites. It was desired to pro- 
tect such cleavage sites from EcoRI cleavage, to enable 
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incubated st 37" C. for 15 min and than at 70° C. for 10 
minutes ta inactivate the meth: 

It was subsequently discovered that the methylation 
reaction described above was unsuccessful in prevent- 
ing EcoRI cleavage at an internal site within the EPSP 
synthase coding region, spparently becaase of inactive 
methylase reagent. The cleavage of the internal EcoRI 
site required additional steps to isolate x falllength 
cDNA, 2s described below. To avoid those additional 
steps, the methylation reagents and reaction conditions 
should be used simultaneously on the cDNA and on 
control fragments of DNA, and protection of the con- 
trol fragments should be confirmed by EcoRI digestion 
before digestion is performed on the cDNA. 

( DNA Polymerase J Fill-in Reaction 

To the tube containing 45 yl of CDNA (prepared as 
described above) were added 5 pl of 0.104 MgCl, 5 21 
of 0,2 mM d(ACGT)TP and 10 anits of DNA polymer- 
ase L The tube was incubated at room temperature for 
10 min, The reaction was terminated by the addition of 
EDTA to 25 mM. One microgram of uncut AgtlO DNA. 
wes added as a carrier and the mix was extracted with 
phenol/chloroform (1:1). The nucleic acid in the mix 
was precipitated with ethanol, centrifuged and dried. 

(g) Ligation of EcoRI Linkers to Methylated ds 
cDNA 

Approximately 400 pmoles of EcoRI linkers (5'- 
CGGAATTCCG-3) were dissolved in.9 yt of 20 mM 
Tris, pH 8.0, 10 mM MgCl, 10 mM DTT containing 50 
pCi of y2P-ATP (5000 Ci/mmole) and 2 units of T4 
polynucirotide kinase, The oligonucleotides were incu- 
bated at 37° C, for 30 minutes to gllow them to anneal to 
each other, cresting double-ctranded, blunt-ended link- 
ext. 2 units of T4 polynucleotide kinase and 1 J of 10 
mM ATP were added md incubated at 37° C. for m 
additional 30 min. The imkers were stored at —20" C 
the methylated DNA pellet was resmspended in tubes 
containing 400 pmoles of the kinased linkers. Ligation 
of the EcoRI linkers to the methylated DNA was car- 
tied out by adding | yl of T4 ligase and incubating the 
reaction mixture at 12°-14° C. for 2 days. (h) Digestion 
with EcoRI to Create Cohesive Termini 

To 11 pl of the reaction product from Section LE.(g} 
above, 10 pI of a solution containing 50 mM Tris, pH 
7.5, 10 mM MgSO 200 mM NaCl were added. T4 
DNA Hgese was heat inactivated by incubation at 70° C. 
for 10 min. Forty units of EcoRI were added and the 
incubation was carried ont at 37° C. for 3 hr. The reac- 
tica was terminated by addition of EDTA to 50 mM. 
The sunple was clarified by centrifugation and applied 
to an AcA 34 colmmn, 

@ AcA # Column Chromatography 

Free Snkers (those not gated to ds CDNA) were 
removed from ds cDNA with attached imkers, to pre- 
veut them from interfering with the insertion of the 
desired da cDNAs into the cloning vectors. AcA M4 
resin (a mixture of acrylamide and agarose beads, nor- 
mally used for sizing) preswollen in 2 mM citrate buffer 
and 0.04% eodiam azide in water, was added to the 1 ml 


the use of blunt-ended EcoRI linkers which were subse- 69 mark of a 1 ml plastic syringe plugged with glass wool 


quently cleaved with EcoRI to create cohesive over: 
hangs at the termini, 


The column was equilibrated with 10 mM Tris-HCl pH 
7.5, 1 mM EDTA, 400 mM NsCl The ds cDNA mix- 


In an effort to prevent the undesired cleavage of — cures with ligated linkers and free linkers (~ 45 pI} was 
internal EcoRI sites, the ds CDNA wat methylated brought to 400 mM NaCl 1 pl of 05% bromophenol 
using EcoRI methylese. DNA pellets were dissolved in 65 bloc dye (BPB) was added, and the sample was applied 


40 p} of 50 mM Tris pH 7.5, 1 mM EDTA, 5 mM DTT. 
Four pl of 100 uM S-adenosy!-L-methionine and f pl 
(80 units) of EcoRI methylase were added. Tubes were 


to the column which was run in equilibration buffer at 
room temperature. Ton 200 p! fractions were collected. 
The BPB dye normally eluted from the colmmn in the 
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sixth tube ar later. Tubes | and 2 were combined and 
used 28 the source of ds cDNA far cloning. 

(j) Assembly of Agtl0 clones 

The ds CDNA was mixed with 1 pg of EcoRI-cot 
AgtiO DNA, precipitated with ethanol, and centrifuged. 
After washing the pellet once with 70% ethanol, the 
DNA pellet wes air dried and resuspended in 4.5 pl of 
10 mM Tris-HC! pH 7.5, 10 mM MgCh, 50 mM NsCL 
To anneal] and ligate the cDNA inserts to the left and 
right arms of the Agtl0 DNA, the mixture was heated at 
70° C. for 3 min. then at 50° C. far 15 min, The mixture 
wes chilled on ice and 0.5 jl each of 10 mM ATP, 01M 
DTT, and snfficient T4 DNA ligase to ensure at Least 
90% completion were added. The reaction was incu- 
bated at 14° C, overnight, which allowed the insertion 
of the ds cDNA into the EcoRI site of the AgtlO DNA.. 
The resulting DNA wes packaged into phage particles 
in vitro using the method described by Scherer 1981, 

tk) Removal of Phages Withont Inserts 

Insertion of a cDNA into the EcaRI site of AgtlO 
results in inactivation of the C1 pene, AgtlO phages with 
inactivated Ci genes Qc, with inserts) replicate nor- 
mally in & colf MA150 cells. By contrast, AgtlO phages 
without inserts are unable to replicate in the MAIS 
strain of E col, This provides 2 method of removing 
AgtiO clones which do not have inserts. 

The phages in the library were first replicated in E 
coll COO (M+R-) cells which modified the XgtlO 
DNA. to protect it from the £ coli MA1SO restriction 
system. A relatively small number of E coli C600 cells 
were infected and then plated with a 20 fold excess of 
MA150 (4+R+) cells. The primary infection thus oc- 
curred in the M+R—- cells where all the phages will 
grow, bul successive rounds of replication occurred in 
the MA150 cells which prevented the replication of 
phages without inserts. The smplified phage ibrary waa 
collected frora the plates, and after removal of agar and 
other contaminants by centrifugation, the recombinant 
phages were ready to use in screening experiments. 

F. Screening of cDNA Library; Selection of 
pMON9531 

Approximately 600 phages (each plate} were spread 
on 10 cmX10 cm square plates of solid NZY agar 
(Maniatis 1982) with 0.79% agarose. A translucent lewa 
of £ coli MA150 ceils were growing on the plates. 
Areas where the phages infected and killed the E coli 
cells were indicated by clear arene called “plaques,” 
which were visible against the lawn of bacteria after an 
overnight incabation of the plates at 37* C. Six plates 
were prepared in this manner, The plaques were pressed 
against pre-cut nitrocellulose filters for about 30 min. 
This formed a symmetrical replica of the plaques. To 
affix the phage DNA, the filters were treated with 05M 
NsOH and 2.5M NaCl for 5 min. The filters were then 
treated sequentially with 10M Tris-HCl, pH 7.5 end 
0.5M Trs-HC, pH 7.5 containing 25M Natl to nev- 
tralize the NaOH. They were then soaked in chloro- 
form to remove bacterial debris. They were then air- 
dried and baked under a vecunm xt 80° C. for 2 hours, 
and sowed to coal to room t The filters 
were then hybridized with @Pabelled EPSP-1 probe 
(2X 10% cpm/filter) ax described in Section 1.D(e) 
above. After 48 hr of hybridization, the filters were 
washed in 6x SSC at room temperature twice for 20 min 
and then at 37° C. for $ min. These washes removed 
nonspecifically bound probe molecules, while probe 
molecuks with the exact corresponding sequence 
(which was unknown at the time) remained bound to 


2 


23 


H 


35 


49 


& 


65 


24 

the phage DNA on the filter. The filters were anulyzed 
by autoradiography after the final wash. After the first 
screctting step, seven positively hybridizing signals ap- 
peared as black spots on the autoradiograms, These 
plaques were removed from the plates and replated on 
to fresh plates at a density of 100-200 plagues/plate, 
These plates were seveened using the procedure de- 
scribed above. Four positively hybridizing phages were 
selected, DNA was {solated from each of these four 
clones and digested with EcoRI to determine the sizes 
of the CDNA inserts. The clane containing the largest 
cDNA insert, approximately 330 bp, was selected, and 
designated }E3. The cDNA insert from XE3 was in- 
serted into plasmid pUC9 (Vieira 1981), and the result- 
ing plasmid was designated pMONSS3I. 

To provide confirmstion that the pMON9531 close 
contained the desired EPSP synthase sequence, the 
insert was removed from the pMON9531 cloat by di- 
gestion with EcoRL This DNA fragment was then 
sequenced by the chemical depradation method of 
Maxam (1977). The amino acid sequence deduced from 
the nucleotide sequence corresponded to the EPSP 
synthase partial amino acid sequence shown in Table |, 

G. Creation of AF7 Genomic DNA Clone 

In order to obtain the entire EPSP synthase gene, 
chromosomal DNA from the MP4G cells line was 
digested with BamH] and cloned into a phage vector to 
create a brary, which was screened using the partial 
EPSP synthase sequence fram pMON9S31 as a probe. 

(t) Preparation of MP4-G Chromosoms} DNA. Frag- 
ments 

MP4-G cells were frozen and pulverized in 2 mortar 
with crushed glass in the presence of liquid nitrogen. 
The powdered cells were mixed with 8 ml/g of cold 
fysis buffer contizining 8.0M ores, 0.35M NaCl, 0.05M 
Tris-HCl (pH 7.5), 0.02M EDTA, 2% tarkosyl and 5% 
phenol. The mixture was stirred with a glass rod to 
break up large clomps. An equal volume of a 3:) miz- 
ture of phenol and chloroform containing 5% sommy) 
alcobol was added. Sodium dodecy! sulfate (SDS) was 
added to a final concentration of 0.5%. The mixture was 
swirled on a rotating platform for 10-15 minutes at 
room temperature, The phases were separated by cen- 
trifugation at 6000xg for 15 minutes. The phenol/- 
chloroform extraction was repeated. Sodium acetate 
was added to the aqueous phase to a final concentration 
of 0.15M and the DNA was precipitated with ethanol, 
The DNA was collected by i jon, dissolved in 
Ix TE (10 mM Tris-HCl, pH &0, 1 mM EDTA) and 
banded in a CsCl -cthidium bromide gradient, The DNA 
wes collected by puncturing the side of the tube with a 
16 gauge needle. The ethidium bromide was extracted 
with CsCl-caturated isopropanol, and the DNA was 
diztyzed extentively against Lx TE. Approximately 400 
Hg of DNA was isolated from 12 g of cells. 

MP4-G chromosomal DNA (10 jg) was digested to 
completion with 30 units of BamH] in » buffer contsin- 
ing 10 mM Tris, pH 7.8, ! mM DTT, 10 mM MgCle, 50 
mM NaC for 2 hours at 37° C. The DNA was extracted 
with phenol followed by extraction with chloroform 
and precipitated with ethanol. The DNA fragments 
wete suspended in lx TE at a concentration of 0.5 
Bes 

(b) Cloning of MP4+-G Chromosomal DNA Frag- 
racots in AMG14 

DNA from phage AMG14 (obtained from Dr. Mny- 
nard Olson of the Washington University Schoo! of 
Medicine, St. Louis, Mo.) was prepared by the method 
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described in Maniatis 1982. 150 pg of DNA was di- 
gested to completion with BamHI in a buffer containing 
10 mM Tris-HCL pH 7.8, | mM DTT, 10 mM MgCh, 
30 mM NaCl The completion of the digest was 
checked by electrophoresis through 0.5% agarose gel. 
The phage DNA was then extracted twice with phenol 
chloroform-iscamyl alcohol (25:24:1) and precipitated 
with ethanol, The DNA was resuspended in Ix TE at 2 
concentration Of 150 pg/ml. MgCly was added to 10 
mM and incubared at 42° C. for | br to allow the cohe- 
sive ends of ADNA to reanneal. Annealing was checked 
by agarose gel electrophoresis. 

Afler annealing, DNA was Isyered aver a 39 ml 
(10-40%, w/v) sucrose gradient in x Beckman SW27 
ultracentrifuge tube. The gradient rolutions were pre- 
pared in a buffer contzining IM NaCl, 20 mM Trk-Hat 
(pH £0), 5 mM EDTA. 75 pg of DNA was loaded oato 
each gradient. The samples were centrifuged at 26,000 
rpm for 24 hours at 15° C. in a Beckman SW 27 rotor. 
Fractions (0.5 mJ) were collected from the top of the 
centrifuge tube and analyzed for the presence of DNA 
by gel electrophoresis. The fractions containing the 
annealed left and right arms of ADNA were pooled 
together, dialyzed against TE and ethanol-precipi 
The precipitate was washed with 70% ethanol and 
dried. The DNA was dissolved in TE at a concentration 
of 500 pg/mi. 

The purified arms of the vector DNA and the BamHl 
fragments of MP4-G DNA were mixed at a molar ratio 
of 4:f and 2:1 and ligated using T4 DNA ligase in a 
ligase buffer containing 66 mM Tris Hi, pH 7.5,5 mM 
MgQi, 5 mbt DTT and | mM ATP. Ligations were 
carried out overnight at 15* C. Ligation was checked by 
agarose gel eletrophoresis. Ligated phage DNA carry- 
ing inserts of MP4-G DNA were packaged into phage 
capsids in vitro using commercially available packzging 
extracts (Promega Biotech, Madison, Wis.}. The pack- 
aged phage were plated in 10 cm X10 cm square plates 
of NZY agar in 0.7% agarose at a density of approxi- 
mately 6000 plaques per plate using E& colf C600 cells. 
After overnight incubation at 37° C., the plaques had 
formed, and the plates were remaved from the incnba- 
tor and chilled at 4" C. for st least an hour, The agar 
plates were pressed against nitrocellulose fitters for 30 
minutes to transfer phages to the filters, and the phage 
DNA was affixed to the filters 2s described previously. 
Esch filter was hybridized for 40 hours at 42" C. with 
approximately 1.0X 10¢cpm/filter of the 330 bp cDNA 
insert isolated from the pMON9531 clane, which had 
been nick4ransilated, using the procedure described by 
Maniatis (1982), The specific activity of the probe was 
2-3 108 cpm/pg of DNA. Hybridization was carried 
out in a solution containing 50% formamide, 5x SSC, 5x 
Denhardt's solution, 200 pg/ml tRNA and 0.1% SDS. 
Filters were washed in Ix SSC, 0.2% SIDS at 50" C. and 
an i Several positive signals were ob- 
served and matched with plaques on the corresponding 
plate. The selected plaques were isolated from the 
plates, suspended in SM baffer, and plated with NZY 
agar. The replica plate screening peocess was repeated 
at lower densities until sll the plaques on the plates 
shawed positive signals, One isolate was selected for 
further analysis and was designated es the AF? phage 
clone. 

Preparation of pwON9S43 and pMON9556 

The DNA from AF7 was digested (separately) with 
BamHI, Bgl], EcaRt, and HindTil. The DNA was 
hybridized with a oick-translated EPSP synthase rs- 
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quence from pMON9531 In a Southern blot procedure. 
Results from thet experiment indicated that the comple- 
mentary sequence from AF7 was on a 4.8 kb Bgl! frag- 
ment, This t was inserted into plasmid pUC9 
(Vieira 1982), replicated, nick-tramslated, and used to 
probe the petonia cDNA library, using hybridization 
conditions xs described in Section 1.(G) and 104 cpm per 
filter. A cDNA clone with a sequence that bound to the 
AF7 seqnence was identified, and designated us 
pMON9543. 

DNA sequence analysis (Maxam 1977) indicated that 
PMON9543 did not contain the stop codon or the 3 
nomtransiated region of the EPSP synthase gene. 
Therefore, the EPSP synthase sequence wat removed 
from pMONSS543, nick-transiated, and used asa probe 
to screen the CDNA library again. A clone which hy- 
bridized with the EPSP synthase sequence was identi- 
fled and designated ss pMON9556. DNA sequence 
analysis indicated that the insert in this clone contained 
the entire 3’ region of the BPSP synthase gene, includ- 
ing a polyadenylated tail. The 5’ EcoRI! end of this 
insert matched the 3’ EcoRI end of the EPSP synthase 
insert in pMON9S31. An entire EPSP synthase coding 
Sequence was created by ligating the EPSP synthase 
inserts from pMON9531 and pMON9SS6. 

L Preparation of pMONS46 Vector with CaMV3s- 
S/EPSP Synthese Gene 

The EPSP synthase insert in pMON9531 wes modl- 
fied by site-directed mutagenesis (Zoller et al, 1923) 
using a MI3 vector (Messing 1981 and 1982) to create 
x Bglll cite in the 5’ non-transiated region of the EPSP 
synthase gene. The modified EPSP syirthase sequence 
was isolated by EcoRI and Bell digestioa, and inserted 
into vector, pMONS530, a binary vector for Agrobac- 
terium-based plant transformation ta obtain pMONSI6. 
The 1.62 kb EcoRI-EcoRI fragment from pMON9556 
was then inserted into pMONS36 to obtain pMONS46, 
Since pMONS530 slready contained a 355 promoter 
from a cavliflower mosaic virus (CaMV) neat fo the 
Bglfl site, this created 2 chimeric CoMV35S/EPSP 
synthase gene in pMONS46, 

PMONS30, a derivative of pMONSOS carrying the 
35S-NOS cassette, was prepared in the following man- 


ner 

The CaMV35S promoter was kolated from the 
pOS-1 clane of CM4-184 as an Alul (n 7143}-EcoRI* (n 
7317) fragment which was ingerted first inte pRRI22 
cleaved with BamHI, treated with Klenow fragment of 
DNA polymerase I and then cleaved with EcoRL The 
promoter fragment was then excited from pBR322 with 
BamHI and EcoRI, treated with Klenow polymersse 
and inserted into the Smal site of Mi3ap8 xo that the 
EcoRI tite of the mp8 munlti-linker was at the 5‘ end of 
the promoter fragment. The nucleotide numbers refer 
to the sequence of (M184) (Gardner et al, 1981). Site 
directed mutagenesis was then used to introduce a G at 
nucleotide 7464 to create a Beil site. The CaMV35S 
promoter fragment was then excised from the M13 esa 
330 bp EcoRI-Bgill fragment which contains the 
CaMV355 promoter, transcription imitiation site and 30 
nucleotides af the 5° non-translated Jeader but does not 
contain any of the CaMV translational initiators nor the 
CaMV35S transcript polyadenylation signal that is Io- 
cated 180 nncleatides downstream from the start of 
transcription (Covey ct al, 1981; Guilley et al, 1982). 
The CeMV35S promoter firngment was joined to a 
synthetic multifinker and the NOS 3 non-translated 
region and inserted into pMON200 (Fraley et al, 1985; 
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Rogers et al., 1986) to give pMON3I6 (see Ropers et 2., 
1987). 

Plasmid pMON316 contains unique cleavage sites for 
Bgif, Clal, Kpnl, Xhol and EcoRI located between 
the 5’ leader and the NOS polyadenylation signals. 
Plasmid pMON3I6 retains all of the properties of 
pMON200. The complete sequence of the CaMV35S 
promoter, mufti-tinker and NOS 3° segment is given in 
Rogers ct al, 1987. This sequence begins with the XmnJ 
site created by Klenow polymerase treatment to re- 
move the EcoRI site located at the 5’ end of the 
CaMV35S promoter segment 

Plasmid pMONS530 (Rogers et al., 1987) is a deriva- 
tive of pMONS5OS prepared by transferring the 2.3 kb 
Stu]-Hind ii fragment of pMON316 into pMONS526, 
Plasmid pMONS26 is x simple derivative of pMONS0S 
in which the Smal site is removed by digestion with 
Xmal, treatment with Klenow polymerase and ligation. 
Plasmid pMONS30 retains al} the properties of 
pMONS505 and the CO¢MV3S5S-NOS expression cassetic 
and now contains a unique cleavage site for Smal be 
tween the promoter and polyadenylation signal. 

Binary vector pMONSOS is a derivative of pMON200 
in which the Ti plasmid homology region, LOH, bas 
been replaced with a 3.8 kb HindLil to Smal segment of 
the mini RK2 plasmid, pTJ$75 (Schmidhauser & Helin- 
ski, 1985), This segment contains the RK2 origin of 
replication, oriV, and the origin of transfer, oriT, for 
conjugation into Agrobacterium using the tri-parental 
mating procedure (Horsch & Klee, 1986). 

Referring to FIG. 6, plasmid pMONSOS retains all 
the important features of pMON200 including the syn- 
thetic multi-linker for insertion of desired DNA frag- 
ments, the chimeric NOS-NPTII’-NOS kanamycin re 
sistance determinant for selection in transgenic plants 
and 4 streptomycin/spectinomycin gene for selection in 
E coli and A. tumefaciens, on intact nopaline synthase 
gene for facile scoring of transformants and inheritance 
in progeny and 2 pBR322 origin of replication for ease 
in making large amounts of the vector in E coli Plasmid 
PMONSO5 contains a single T-DNA border derived 
from the right end of the pTiT37 napaline-type T- 
DNA. Southern analyses have shown that plasmid 
PMONSO5 and any DNA that it carries are integrated 
into the plmt genome, that is, the entlre plasmid js the 
T-DNA that is inserted into the plant genome. One end 
of the integrated DNA is located between the right 
border sequence and the nopaline synthase gene and the 
other end i between the border sequence and the 
PBRI22 sequences. 

Plasmid pMONS46 contained (1) the CaMV35- 
S/EPSP synthase gene; (2) « selectable marker gene for 
kanamycin resistance (Kan4); (3) a nopaline synthase 
(NOS) gene as & scorable marker; and (4) a right 
T-DNA border, which effectively caused the entire 
plasmid to be treated a3 a “transfer DNA" (T-DNA) 
region by A tumefaciens cells 

This plasmid was inserted into 4. tumefactens cells 
which contained a helper plasmid, pGV31LI-SE. The 
helper plasmid encodes certain enzymes which are nec- 
essary to cause DNA. from pMONM6 to be inserted 
into plant cell chromosomes. It also contains 2 kanamy- 
cin resistance gene which functions in bacteria. 

A culture of 4. tumefaciens containing pMON546 and 
pGV3I11-SE was deposited with the American Type 
Culture Collection (ATCC) and was assigned ATCC 
accestion number 53213. If desired, either one of these 
plasmids may be isolated from this culture of cells using 
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standard methodology. For example, these cells may be 
cultared with E cof celis which contain 2 mobilization 
plasmnid, such as pRK2013 (Ditta 1980), Cells which 
became Spe/Str®, Kan5 will contain pMONS46, while 
cells which become Kan®, Spe/Str’ will contain 
pGV3111-SE. 


GLYPHOSATE-TOLERANT PETUNIA PLANTS 


Leaf disks with diameters of 6 mm (} inch) were 
taken from surface-sterilized petunia leaves. They were 
cultivated on MS104 agar mediom for 2 days to pro- 
mote partial cel] wall formation at the wound surfaces, 
They were then submerged in a culture of 4. tumefaci- 
ens celis containing both pMONS46 and GV3I11-SE 
which had been grown overnight in Luria broth at 28° 
C., and shaken gently. The cells were removed from the 
bacteria] suspension, blotted dry, and incubated upside 
down on filter paper placed over “purse” cultures of 
tobacco cells, as described by Horsch (1980). ANer 2 or 
3 days, the disks were transferred to petri dishes com- 
taining MS media with 500 pp/ml carbenicillin and 0, 
0.1, 025, or O5 mM glyphosate (sodium salt), with no 
nurse cultures, . 

Control tissue was created using A. tumefaciens cells 
containing the helper plasmid pGV3111-SE and 2 dif- 
ferent plant transformation vector, pMONSOS, which 
contained a T-DNA region with 2 NOS/NPTII/NOS 
kanamycin resiswmce gene and a NOS selectable 
tharker gene identical to pMONS46, but without the 
CaMV35S/EPSP synthase gene. 

Within 10 days after transfer to the media containing 
glyphosate, actively growing callous tissue appeared on 
the periphery of afl disks on the control plate containing 
no glyphosate. On media containing @1 mM giypho- 
sate, there was little detectable difference between the 
control disks and the transformed tissue. At 0.25 mM 
glyphosate, there was very litle growth of callus from 
control disks, while substantial prowth of transformed 
tissue occurred. At 0.5 mM glyphosute, there was no 
callus growth from the contro! disks, while a significant 
number of calli grew from the transformed disks. This 
confirms that the CaMV35S/EPSP synthase gene con. 
ferred glyphosate resistance upon the transformed cells. 

Transformed petunis plants were produced by regen- 
eration from the above-described transformed leaf disks 
by the procedure described by Horsch, ef al, (1985). 
The transformed plants obtained contained the 
PMONS46 vector, described hereinabove, which con- 
tams the CaMV 35S promoter fused to the wild-type 
petunia EPSP synthase gene. 

Four individoal representative transgenic scedlinps 
were selected, grown und tested in the testing proce. 
dure described below, along with four individual noa- 
transformed (wild-type) petunia seedings. 

The plants were grown in x growth medium in 3 
growth chamber at 26" C. with 12 hour of light per 
day. The plants were fertilized weekly with a soluble 
fertilizer and watered as needed: The plants were 
sprayed at a uniform and reproducible delivery rate of 
herbicide by use of an automated track sprayer. The 
glyphosate solatioa osed was measured 2s pounds of 
glyphosate acid equivalents per acre, mixed as the gly- 
phosate isopropylamine salt, with am jonic surfactant. 

Foor individual wild-type (non-transformed) petunia 
plants were selected for use as control plants. Four 
individual transformed plants containing the pMONS46 
vector were selected by kanemycin resistance as de 
scribed by Horsch, et al. (1985). 
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The control plants and the transformed plants were 
sprayed with the isopropytamine salt of glyphosate at 
the application level listed in Table 2 below; the experi. 
mental results obtained are also summarized in Table 2 


TABLE 2 
Plant Retpoose to Glyphasate Spraylag 


Plant Type Glyphosaie Doste* 
Coatrot! 0.8 #/ecre 


Chimeric EPSP 08 #/scee 








“Acid Equivalent 
Naldype plact of trextformcd with control eector (pAONSO) 


As indicated in Table 2, the control plants were killed 
when sprayed with 0.8 pounds/acre of glyphosate. in 
contrast, the petunia plents which were transformed 
were healthy and viable after spraymg with 0.8 pound- 
s/acre. The transformed plants are more resistant to 
glyphosate exposure than the nontransformed control 
plants. 


Glyphosate-Tolerant Petunia EPSP Synthase 


A plant transformation vector carrying a glycine 
(101) to alanine petunia EPSP synthase variant was 
prepared in the following manner. 

Plasmid pMONS30 DNA was digested with Bgitl 
and Clal, to which was added the 330 bp Bgifl-EcoRI 
EPSP synthase 5‘ fragment from pMONS536 and puri- 
fied 1.4 kb EcoRI-Clai EPSP synthase 3° fragment from 
pMON9566 and then treated with T4 DNA ligase. Fal- 
lowing transformation a plasmid was isolated that car- 
ried the intact glycme (101) to alanine variant EPSP 
synthase coding sequence of petunia (with the coding 
sequence for the chloroplast ransmit peptide) adjacent 
to the CaMV35S promotes. Thiz plasmid was desig- 
nated pMONS67. Plasmid pMONS647 was inserted into 
A. tumefaciens cells that contained helper plasmid 
pGV3IIL-SE. 

A culture of 4. tumefaciens cells containing 
pPMONS67/pGV3111-SE was contacted with leaf disks 
taken from tobacco plants (Nicotiana tobacam CV 
HA725) as described by Horsch (1985). The Agrobacte- 
Tinm cells inserted the variant EPSP synthase gene into 
the chromosomes of the plant cells. Plant cells resistant 
to kanamycin were selected and regenerated into differ- 
caotiated plants by the procedure of Horsch (1985). 

Progeny of these plants were propagated and grown 
to a rosette diameter of about 10 cm corresponding to a 
plant age of about four weeks. The plants were sprayed 
with glyphosate at levels corresponding to 0.4, 20 and 
3.6 pounds acid equiv./acre. The effect of glyphosate 
on the transformed plants were scored at 7, 14 and 28 
days. The effect was translated fo a numerical scale of 
0-10 in which 0 represents total kill and 10 is the nor- 
mal, unsproyed plant. The data below demonstrates that 
tobacco plants transformed with the glyphosate-toler- 
ant EPSP synthase gene of petunia exhibit substantia! 
tolerance even to these high levels of glyphosate. The 


13 


2s 


30 
values represent the best transformant for both wild- 
type EPSP synthase and glyphosstetolerant EPSP 
synthase genes, 


TABLE 3 
Relative Effect of Olyphosate! 





a4 


Dy Gt wr cr wr «ar WT 
7 30 6g ta $4 5D 46 
14 ao be) a3 13 TA Ww 
a $5 90 TO as 10 Qs 
o represesea toral IK wad 10 reprucamer na effect. 
2Glyphosatetolecxat persia EPSP ryeathkese. 
Wild-type EYSP tyathue. 


IL EPSP SYNTHASE cDNA CLONE OF TO. 
MATO 

Complementary DNA (cDNA) Hbraries were pre- 

pared from poly-A plus RNA isoleted from mature 

tomato pistiis or anthers by 2 modification of the meth- 

ils et al (1985) and Gubler et al. (1983) as 
WSS 


First Strand Synthesis 


Quantities given below are those uséd to prepare the 
mature pistil CDNA Worary, the anther cDNA library 
was prepared in a similer manner, 

10 pl of 400 pg/ml Actinomycin D (Sigma Chemical) 
in 50% ethanol was dried down in ench reaction tube in 
a Savant speed vacuum, The following reagents were 
added to this tube (the reagents were added in the order 
given): 





3 Vol. Subttaxce Ful Conc/Amoont 
62 pt Amtochaved water ta fizal 100 yl 
10 pl 10 X firct strand baffer tea below 
Wel Seah dNTP $00 pM each A.C.G,1T! 
10 pl 100 pg align PET wp? 
2pl  RNAsin G0 U/pl} a 
40 He RNA eae 
fr] Revert Texnacriptase 40 on 
ipl Mp 20 pty 
"Segre Chonical, 5. Lows, MO. = 
*Collabonates Lestapon, MA. 
*Promegpe Biicteck, Mactoom, Wi 
AS *.ife Scenes, Se, Pesersbarg, FL. 
) Ariagion Heigho, 32. 


53 


3) 


6S 


The resction mrixture was incubated at 42° C. for 60 
min. The reaction mixture was frozen on dry ice and 
stored at ~20° Cy 

10 X First Strand buffer 


300 mM Tris-HCt pH 8.3 
300 mM EC) 
100 mM MgCl, - 
4 mM Dithiothreitol, DTT 

The quantity of CDNA syathesized was determined 
to be ~ 1.31 pg by precipitation of w portion of the 
reaction with trichloroacetic acid and scintillation 
counting. 

Purification of First Strand 


Biogel P60 (100-200 mesh, Bio Rad, Richmond, CA), 
pre-swollen in 10 aM Tris-HCl/I mM EDTA, pH 8.0, 
(TE) was used to pour a column in a siliconed pasteur 
pipet plugged with silicon-treated glass wool (bed volu- 
ines=f ml). The column was washed with ceveral val- 
mnes of 1 mM Tris pH 7.6/0.01 mM EDTA. The col- 
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31 
umn was calibrated by renning 90 yl of this same colu- 
tion plus 10 zl of column marker buffer (see below) 
over the column. The void volume was determined by 
the fraction containing the blue dye, More buffer wes 
added to the column to elute the red dye. 

The first strand reaction was extracted twice with an 
equal volume of phenol. 0.5 wl 2% bromophenol blue 
was added to the cDNA and It was loaded on the col- 
umn, and the void volume wes collected. 


Column Marker Buffer 


5% Blue Dextrans (2M dalton, Sigma) 
0.05% Phenol Red (or Bromophenol blue at 0.1%) 
dissolved in 20 mM Tris pH 7-8/1 mM EDTA 
Second Strand Synthesis and Methylation 


The first strand was dried to approximately 10 pJ in a 
Savant speed vacuum. 


Vol Sutwtace First Conc. /Amount 
334] cDNA ~ 500 ng of frst ctrand 
}Opl 10X Sen. Strand Beffer 1X 
OS pl SoM dNTP 40 pM each £15 pl 
Water ta 100 p:] nad volume 
Zyl = =DNA Fol J (NEB) 0U 
Qd pl E call DNA Ugere (NEB) zu 
OS pt = RNAasse A BRL) 1U 
3p) RP dCTP Wu 
Tel BSA (16 dit of BRL} 30 peso) 


NEB=New England Biolabs, Beverly, 
BRL <Bethesda Research Labs, Gaithersberg, Md. 

The reaction was incubated at 14° C. for 60 min. then 
at room temperature for 6 min, 

The following was added: 
0.5 pl 5 mM dNTP 
1 2} T4 DNA polymerase (NEB) 

The reaction was incubated for 30 min. at roam tem- 
perature. 

The following were added: 
1.2 pl mM S-adenosyl L-methionine (Sigma) 12 pM 
1.0 pl EcoRI Methylase (NEB) 20 U 
2.4 nl 0.5M EDTA 12 mM 

5 pl was removed from the reaction and added to 260 

ng wild type lambda DNA (NEB) as control for 
methylation. 

The reactions were incubated at 37° C. for 45 min. 

Both the main and test reactions were heated to 68° 
C. for 10 min. to inactivate enzymes. 

Measurements of trichloroacetic acid insoluble 
counts indicated that ~500 ng of ds CDNA (double 
stranded cDNA) was produced in the reaction. 


10X Second Strand Buffer 


200 mM Tris-HCi pH 7.4-7.5: 1M stock 
30 mM MgClz: 1M stock 

1.0M KCl: 4M sock 

100 mM Ammonium sulfete: 1M stock 
1.5 mM Bets-NAD: [50 mM stock 


Assay for Completeness of Methylation 


The following was added to the heat treated test 
methylation: 
2 #) 100 mM Tris-HCI pH 7.6/100 mM MgCl/10M 
NaCl 
12 pi water 
1 pl EcoRI (20 units BRL) 
0.5 pl pUCI9 (0.5 pg, NEB) 
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32 
‘The reaction was incubated for 1 hr. at 37° C. 

The products were run on an agarose minigel with 
undigested pUC19, and lambda digested with EcoRI 
and HindIIf as size markers. The pUC19 in the reaction 
digested to completion, indicating that the EcoRI was 
working efficiently and the lambda DNA wes undi- 
gested, showing that it had been protected by the meth- 
ylation reaction. This shows that the methylase was 
effective in blocking the EcoRI sites in the cDNA from 
digestion. 

ds cDNA Clean Up 
The second strand reaction mixture was extracted 


gs twice with an equal volume of phenol, run over a P-60 


column as described above and the void volume was 
collected and lyophilized ix a Savant speed vacuum. 
The cDNA was dissalved in 3 yi] of ] mM Tris-HCl pH 
7.5/0.01 mM EDTA. 


Ligation of Linkers to cDNA 

The foBowing was mixed in a microfuge tube: 
3 jl ds CDNA (500 up) 
2.5 yl Phosphorylated EcoRI linkers (NEB, 250 ng) 
1 pl 10 x Ligation buffer 
1 pl 10 mM ATP 
1.5 pl water (for final vol of 10 pI 
1 21 T4 DNA Ligase (~400 units NEB) 
The reaction was incubated at 14° C for 12 hr 


10 x Ligation Buffer 


300 mM ‘Tris-HCl pH 7.6 
100 mM MgC 
50 mM DTT 


Removal of Linkers 


The following reagents were added: 
2 wl 100 mM TrissHCd pH 7.6/100 mM MgCl/1.0M 
NaCl 
6 pl water 
The reaction was heated to 68° C. for {0 min. to inacti- 
vate lignse, 
The following reagent was added: 
2 pl EcoRI (40 units, NEB) 
The reaction was incubated at 37° C. for 25 br. The 
reaction was heated to 68" C. for 10 min. to inactivate 
EcoRL 


Size Cut cDNA and Separate From Linkers 


3 pl of loading buffer was added to the digested 
cDNA/EcoR] linker reaction, The sample was electro- 
phoresed on a 0.8% Sea Plaque agarose (FMC Corp, 
Rockland, Md.)/TEA (40 mM Tris-Acetate pF 8.2/1.6 
mM EDTA) mini-get containing 0.3 pg/ml ethidium 
bromide. The gel was ran at 4 V/em antil the brome- 
phenol blue dye had migrated 4 cm, Lambda DNA 
digested with Hindlfl and EcoR! was used as a size 
marker, The markers were visualized by UV Mrores- 
cence, and a fragment of gel conmining cCONA ranging 
in size from ~-600 bp to greater than 10 kb was re- 
moved. 


Loading Buffer 


250 mM EDTA pH 7 
0.2% Bromophenol blue 50% 
Glycerol 


‘ 
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33 
Purification, Ligation and Packaging 


The volume of the gel slice was determined to be 
~500 pl by weighing and assuming a density of 1.0 
g/ml, 140 yl of 20 mM Tris-HCl (pH 7,5)/200 mM 
NaCi/1.0 mM EDTA and 20 pl of 5M NaCl were 
added to the gel fragment. The mixture was heated to 
68° C. for 15 min. and extracted twice with 500 yl af 
phenol. The DNA was purified from contaminants by 
chromatography on an EluTip D column (Schleicher 
Schuell, Keen, N.H.) according to the manufscturers 
instructions. ‘The final volume was 450 pl, The amount 
of radinactivity in the sample was determined by scintil- 
lation counting of an aliquot, and it was determined that 
70 ng of CDNA was contained in the eluted valume. 

2 pl (2 ug) lambde gt 10 arms (Vector Cloning Sys- 
tems, San Diego, Calif.) were added to the cDNA fol- 
lowed by the addition of 2 volumes of cold ethanol. The 
sample was chilled to —80° C. for 15 min. and the pre. 


cipitate was pelleted in a microfuge for 15 min. ‘The tube 29 


was drained and rinsed with 200 pl of ~20*° C. 70% 
ethanol with caution so as not to disturb the pellet. The 
pellet was air dried for 30 min. 
The following was added: 
7.2 pil Water 
1 pl 10 X Ligation buffer 
1 pl ATP 
0.8 pl T4 DNA ligase 
The reaction was incubated for 20 brs at 14° C. 


10 x Ligation Buffer 


200 mM Tris-HC! pH 7.6 
100 mM MgCiy " 
30 mM Dithiothreitol (DIT) 
Oue fourth (25 pf of the ligation reaction was pack. 
aged in vitro into phage using Gigapack packaging 
extracts (Stratagene Cloning Systems, San Diego, 
Calif) according to the manufacturers instructions. 
Subsequent plating of the phage showed that this reac- 
tion contained 10 recombinant plaque forming units 
(PFU). Packaging of the entire ligation mix would 
therefore produce 4X 106 PFU. The remainder of the 
ligation mix was stored at --20* C. for future use. 
Plaque lifts from the two libraries were screened with 
x 22P-labeled fragment from pMON6145 containing the 
complete coding sequence of petunia EPSP synthase. 
PMON6I45 is a derivative of plasmid pGEM2 
(Promega Biotech, Madison, Wis.) described in the 


5 


io 
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Tn order to introdnce an Neol site and an ATG trans- 
lational initiation.codon at the site predicted ta be the 
start of the mature enzyme for in vitro expression in E 
coli, the 1.6 kb EcoRI/HindiII fragment of pMON9591 
was cloned into EcoRI/HindIi digested Mi3mp18 
(New England Biolabs) producing a phage designated 
M9568. This clane was mutagenized with the oligont- 
cleotide: 


J-AGCACAATCICATGGGGTT-. 
CCATGGTCTGCAGTAGOC.Y 


as previoasly described. Sequencing confirmed the suc- 
cess of the mutagenesis and the resulting phage was 
designated M9575. The 1.6 kb EcoRL/HindIll fragment 
of this phage was inserted into EcoRI/HindIM digested 
pMON6I40, This plasmid was designated pMONS9717. 
Plasmid pMONGI40 is a derivative of pGEMI 
(@romega Hiotech, Madison, Wis.) which carries the 
same falltength cDNA clone of petania EPSP synthase 
as described above for pMON6I45. 

In vitro transcription and translation af pMON9717 
failed to produce en active enzyme. Subsequent ce 
quencing of the CDNA from which this clone was pre 
pared (pMON9591) revealed 2 single nucleotide dele 
tion ia the coding sequence which would result in a 
frame shift in the coding sequence, The regioa contain- 
ing this deletion was replaced by the corresponding 
region from pMON9589 by exchanging the 900 bp 
BamHl/Hindl Ol fragment of pMONS717 with the cor- 
responding fragment of pMON9S89. This plasmid waa 
designated pMON9718. In vitro analysis of pMONS718 
showed it coded for active tomato EPSP synthase, 

A vector for high level expression in E coli was con- 
stracted to further characterize the tomato EPSP syn- 
thase. The Neof/FindIII fragment of pMON9718 con- 
taining the coding sequence for tomato EPSP synthase 
was inserted into Ncol/HindIM digested pMONS5S521. 
This placed the tomato EPSP synthase coding sequence 


40 under the control of the £ coli RecA promoter (Horii et 


45 


above-referenced and incorporated application Ser. No. sq 


879,814, which carriet a full-length cDNA clone of 
petunia EPSP synthase. Two hybridizing plaques were 
isolated from each library. The large EcoRI fragments 
of the two pistil clones (P1 and P2) were subcloned into 
pUClIS (New England Biolsbs), and the soll EcoRI 
fragments were cloned into pUCI19 forming plasmids 
9591, 9589, 9595 and 9596, respectively. 

pUCl19 is constructed by isolating the 476 bp Hzi 
Al/Dra I fragment of bacteriophage MI3 snd making 
the ends of the fragment blunt with T4 DNA polymer. 
ase (New England Biolabs). This fragment is then in- 
serted into pUC19 (Yanisch-Perron et al, 1985) that has 
been digested with Nde I and filled in with Kienow 
DNA, polymerase (New England Biolabs). The result- 
ing plasmid (pUC119} can be used to produce single 
stranded DNA if celts harboring the plasmid are in- 
fected with a defective phage such as R408 (Stratagene 
Cloning Systems). 


35 


& 
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al., 1980, Sancar et aJ, 1980). This plasmid was desig- 
nated pMON9719. Plasmid pMON9719 was able to 
complement the EPSP synthase deficiency of an E: coll 
aroA variant (SR481) demoastrating the synthesis of 
active EPSP synthsse. 

To introduce the alanine for glycine substiration at 
position 101 of tomato EPSP synthase, the wild-type 


EPSP synthase coding sequence in phage M9568 was 


mutagenized with the oligonucleotide. 


S-OCOGCATTGCTGTAGCTUCATTIT. 
COAAGNG-F 


by method of Foller and Smith (1983) as desaribed 
previously. The phage is then mutagenized with the 
oligonucleotide. 
F-CTCATOCCTAGGAACOTCAT- 
CAAGAACATAY 


to introduce the aspartate for glycine change at position 
144 of the mature enzyme. A plant transformation vec- 
tor capable of producing the glyphosate resistant form 
of tomzto EPSP synthase in transgenic plants is con- 
structed x3 follows: 

A Baill site & engineered upstream of the ATG 
translation initiation codon of tomato pre-EPSP ryn- 
these by performing site directed mutagenesis on 
PMONDS96. ‘The mutagenesis ix performed by the 
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35 
method of Kunkel (1985) using the aligodeoxynucleo- 
tide. 
S-QCCATTITCITGTGAAAAAQATCTIT- 
CAGTTTITC3s 


The 700 bp EcoRI/BamHI fragment of the phage 
which bad been engineered to include the glycine (101) 
ta alanine and glycine (144) to aspartic acid changes is 
then transferred into EcoRI/BamHI digested 
PMON9718 replacing the corresponding wild-type 
fragment. 

The 70 bp BGUL/Eco RI fragment of the altered 
PMON9S596 is then combined with the 1.6 kb EcoRI/. 
HindIIl fragment of the M9718 derivative into Bg! f1/- 
HindTHi digested pMON550. pMONSS0 is a derivative 
of pUC19 (Yanisch-Perron ct al. 1985) produced by 
inserting the synthetic DNA fragment. 


S-AGCTTTCTAGAAGATCICCATG- 
GAGGCCTGOTAC-Y 


P-AAGATCTTCTAGACHITACCTCOOGACS 


into pUCI9 digested with Hindi and Kpn 1. This 


10 


reconstitutes a complete tomato EPSP synthase precur- 25 


sor gent which includes the elanine for glycine substitu- 
tion. 

For insertion into a plant trensformatidn vector 2 
convenient site is engineered at the 3’-end of the coding 
sequence by digestion with HindILl, making the ends 
blunt and inserting a Clal linker (New England Hi- 
olabs). The 3.7 kb Bgifl/Cial fragment of Utts plasmid is 
then inserted into BghIl/Clal digested plant transfor- 
mation vector such as pMON316 The resulting plasmid 
hes the tomato EPSP synthase precursor coding se- 
quence with alanine for glycme substitution at position 
101, and the glycine to aspartate substilution at position 
144 of the mature EPSP synthase sequence under con- 
trol of the CaMV35S promoter. Transformation of 
plants, such as tomato, with this vector jeads 10 the 
production of a high fevel of the plyphosate-tolerant 
enzyme, resulting in glyphosate tolerant plants. 

I, EPSP Synthase Genomic Clone af Arabidopsis 

An Arabidopsis thaliana genomic bank was 
by cloning size fractionated (15-20 kb) Mbol partially 
digested DNA into BamH{ and EcoRI digested lambda 
EMBL} (Strategene Cloning Systems, San Diego, 
Calif.), Approximately 10,000 plaques of phage from 
this Hbracy were screened with 32P labeled petunia 


% 
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40 


45 


EPSP synthase probe (pMON9566 described hereinbe- 30 


fore), A strongly hybridizing plaque, designated E1, 
was purified. Southern blots of the phage DNA with 
the EPSP synthase probe identified two fragments 
which hybridized very stroogly. The first fragment was 


2 10 kb Hind fragment and the other was « 700 bp 55 


BamHI fragment. These fragments were subcloned into 
plasmid pUCii9 and designated pMONS74 and 
pMONS578&. 

The DNA sequences for the two inserts were then 


determined by the method of Sanger (1977). The se- 60 


quence data indicated that the phage did contain the 
EPSP synthase gence of Arabidopsis by its strong ho- 
mology to the petunia EPSP synthase sequence. The 
700 bp BamHI fragment was used es 2 hybridization 
probe against the phage and Arabidopsis genomic DNA 
to identify restriction fragments suitable for the cloning 
of the entire EPSP synthase gene. Two hybridizing 
Bgl fragments of 6.0 kb and 3.2 kb were identified in 
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the E] phage clone. These fragments were scparately 
subcloned into pMON550 to provide DNA for further 
experiments and designated pMONS582 and pMONS83, 
respectively. Two additional subclones were made from 
clones pMONS582 and pMONS583. Plasmid pMON584 is 
the 1.8 kb EcoR] to BamHi fragment containing the 
Send of the Arabidopsis EPSP synthase gene in 
pUCl1i8 which is prepared from pUCI8 in a manner 
anzlogous to the preparation of pUC119 from pUCI19 
described hereinbefore. Plasmid pMON5839 is the 2.8 kb 
BamH] to Blgt) fragment containing the 3’-end of the 
Arabidopsis EPSP synthase gene in pUC119. Sequence 
determination from the BamHI site of pMONS84, and 
from the BamHI site of pMON589 completed the se- 
quence of the coding regions of the gene. 

The coding sequence was altered so that the ex- 
pressed Arabidopsis EPSP synthase would include the 
alanine for glycine substitution at position 101 of the 


mature enzyme, Plasmid pMONS7B was mutagenized 


with the oligonucleotide: 


SATTTACCTCOGTAATGCAGCTACAG. 
CAATGOG-3" 


by the method of Kunkel (1985) A partion of the result- 
ing plasmid, pMONS94, was sequenced to verify the 
mutation, pMON594 was then mutagenized with the 
oligonucleotide. 


S-TTGOTCTTAAGCAGCTITG ACGCT. . 
GATOTTOY 


by the methad of Kunkel (1985) to introduce the aspar- 
tate for glycine mutation at position 144 of the marure 
enzymic, The resulting plasmid was partially sequenced 
to verify the success of the mutagenesis. This construct 
containing the internal 730 bp Bam HI fragment of the 
Arabidopsis EPSP synthase gene with the glycine (10!) 
to alanine and plycine (144) to aspartic acid mutations 
was designated pMON9930, 

A Cal site is required just upstream of the transla 
tional initistion tte for insertion of the Arabidopsis 
EPSP synthase gene into plant’ transformation/expres- 
sion vectors. A 370 bp SnaBL/BamHI fragment of 
PMONS84 including the translational initiation site and 
63 bp of 5'-untranslated region was cloned into EcaRV- 
/BamHI digested Bluescript KS (Stratagene Cloning 
Systems, San Diego, Calif} forming pMON9ITH, 

The entire Arabidopsis gene was reconstructed for 
plant transformation experiments es follows: the 3.0 kb 
BamHI to Bgill fragment containing the 3 half of the 
poac was crcised from pMONS&3 and inserted into the 
unique BamHI site of pMON9734, This i 
pMONS88, has 2 unique BamHI site in the middle of the 
gene. The 800 bp BamHI fragment from pMONS930 
was then inserted into the unique BamHI site of 
pMON588. This resulting plasmid, pMON982, contains 
the entire EPSP synthase gene with the alanine for 
glycine substitution at position 10! and the sspartic acid 
fos glycine rubsdtution at position 144 of the mature 
protein. pMON982 was digested with Cla I and treated 
with Klenow polymerase in the presence of dATP, 
dCTP, TYP, md dGTP to peoduce a blunt end. The 
plasmid was then digested with Eco RJ and the 3.5 kb 
fragment contuining the entire variant Arabidopsis 
EPSP synthase coding region with the alanine for gly- 
cine substitution at position 101 and the asparate for 
glycine substitution at position 144 of the mature pro- 
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37 
icin i inserted into pMON979 under the contro! of the 
duplicated 35S promoter of CaMV (Kay et al., 1987). 
The resulting construct, pMON987 (FIG. 8) is then 
introduced into Agrodacterium tumefaciens ACO as 
described hereinbefore. 

The Agrobacterium harboring the pMON9S7 plas. 
mid is used to transform explants of Brassica nmopur 2s 
described by the method of Fry et al. (1987), Gentami- 
cin resistant plants are then obtained. The plants will 
have the pMON987 DNA integrated into their genomes 
and will be tolerznt ta glyphosate. 

IV. EPSP Synthase of Glycine Max 

The cDNA for EPSP synthase of Glycine max (soy- 
bean) was isolated from a library constrocted from 
RNA isolated from G. max roat tips, The library was 
constructed using the commercially available Amer. 
sham cDNA tynthesis kit (Amersham Corp., Artington 
Hts., H.), and lambda gt10 from Vector Cloning Sys. 
tems (San Diego, Calif}, The library was screened with 
to insert from pMONS78 which contains part of the 
Arabidopsis EPSP synthase gene and hybridizing 
plaques were isolated and their inserts subcloned into 
Bluescript. plasmids (Vector Cloning Systems, San 
Diego, Calif.}, and single stranded phage. The sequence 
of a partion of one of the cDNA clones (pMON9752, 
containing & 1600 bp cDNA) was determined, Referring 
to FIG. 2, the protein deduced from the nucleotide 
sequence has strong homology to the petunia sequence 
ia the region corresponding to the mature protein. No- 
tably, amino acids 94-107 of the petunia enzyme are 
identical to amino acids 97-110 of the marure G. max 
enryme (a three amino acid insertion in the G max 
relative to the petunia near the amino terminus of the 
mature protem is responsibie for the difference in num- 
bering}. : 

The Gicine max enzyme was altered to change the 
glycine at position 104 (which corresponds to Gly 101 
in petunia) to an alanine by site directed mutagenesis 
using the oligonucleotide: 


S-AAAGGACGCATTGCACTGOCAGCATIT: 
CCAA-¥ 


according to the method of Kunkel 
plasmid pMON9923. 

The gly 147 to asp mutation (commsponding ta the 
petunia gly 144 to esp) was introduced into pMONS923 
by site directed mutagenesis using the synthetic oligo- 
nucleotide primer. 


(1985) resulting in 


F GCAATCAACATCTGOOTCAAGTTAA ¥ 


by the method of Kunkel (1985). ‘The gly 104 to ala and 
gly 147 to asp mutations were confirmed by DNA se- 
quence analysis. The resulting plasmid containing both 
mutations was designated pMON9952. 

An & coli expression vector for wild type soybean 
EPSPS was constructed by engineering an Neol site at 
the predicted start of the mature soybean coding se- 
quence by the method of Kunkel (1985). This sequence 
was then inserted into pMON9563, replacing the coding 
sequence for mature petunia EPSPS resulting in 
PMON9904, Ta construct a vector for bacterial expres- 
sion of the variant form of soybean EPSPS 4 Kpel/Clal 
fragment of pMON9952 was used to replace the corre. 
sponding wild type fragment in pMON9904 resulting in 
PMON9953, pMON9953 was shown to complement the 
aroA defect of E colf SR481. EPSP synthase extracted 
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from these bacteria was shown to be glyphosate toler 
ant. 

The original cDNA clone for soybean EPSPS did aot 
contain the complete sequence for the transit peptide, 
To constrnet a vector for expression of the variant 
soybean EPSPS in higher plants 4 complete coding 
Sequence was needed, A soybean genomic library was 
purchased from Clontech Inc. (Palo Alto, Calif). The 
libeary was screened with 2 22P-lsbelled probe made 
from the soybean cONA. A hybridizing clone was 
isolated and 2 5.5 kb Sail fr of this phage was 
subcloned (pMON1608) and was shown to contain the 
entire transit peptide sequence. A Bglll site was engi- 
neered just upstream of the start codan by oligonucteo- 
tide directed mutagenesis by the method of Kunkel 
(1985) resulting in pMON1618. A Bgilf fragment of 
PMONI618 was cloned into Bill digested pMON977, 
a plant transformation vector with the enhanced ver- 
sion of the 35S promoter (Kay et al, 1987) and the 
3-end of the E9 rbeS gene of pea (Broglie et a1, 1984) 
in the correct orientation for the 358 promotes to drive 
exprestion of EPSPS (pMONI619). To complete the 
construction of the plant expression vector the EcoRI 
fragment of pMON9952 containing the variant EPSPS 
mature coding sequence is vsed to replace the EcoRI 
fragment of pMONI619. The resulting plasmid is then 
introduced inta plants which will exhibit enhanced 
tolerance to glyphosate herbicide, 

V. EPSP Syathnse Gene From 

DNA was isolsted from Brastica napus (c.v, Westar) 
by standard methods. The DNA was partially digested 
with the restriction endonuclease Mbol (New England 
Biolabs). Fragments ranging in size from 12 to 24 kb 
Werte acparated from smaller and larger fragments by 
electropharesis on an agarose gel, and were isolated 
from the gel on DEAE membrane (Amersham). The 
fragments were ligated into the commercially available 
lambda cloning vector Lambda-Dash (Stratagene Inc.}, 
Recombinant phage were plated and nitrocellulose rep- 
licas were made from the plates by standard methods. 
The fitters were probed with an $50 bp HindH frag- 
meat of the cDNA for Arabldops!s EPSP synthase 
which was isolated from a cDNA. library by standard 
methods using probes made from the Arabidopsis EPSP 
synthase genomic clones described hereinbefore. The 
hybridizing clones were picked and rescreens were 
performed with the same probe and with 2 probe made 
from pMON9717, the tomate EPSP synthase cDNA 
described hereinbefore. Those clones hybridizing 
strongly to beth probes were isolated and propagated 
foc DNA purification. A 3.8 kb Bgltt fragment was 
clonéd into pUCL19 to form pMON663. Subclones of 
this were made and sequenced, positively iden- 
tifying the clone as an EPSP synthase gene. The clone 
includes 270 bp of 5 untranslated and flanking se- 
quence, afl cight exons and seven introns of the gene 
and --800 bp of 3'-untranslated and flanking eDCe. 

To facilitate construction of plant transformation 
vectors a Bali site was introduced just upstream of the 
ATG translation initiation codon of the B napus EPSP 
synthase gene by mutagenesis of pMON6463 (Kunkel, 
1985) with the primer: 


S-GCTAQATTOCOCCATAGATCTGAATTIT- 
QAAAGC? : 


Bratsica Napus 


The glycine to alanine change at Position 10] of the 
matnre BR napus EPSP synthese was then introduced by 
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39 
similar mutagenesis of the resulting plasmid with the 
oligonucleotide: 


SGGACOCATGOOCTOTAGCTGCATTC- 
CCAAG-3 


A third mutagenesis is then carried out to change the 
codon for amino scid 144 of the mature protein fram 
glycine to aspartate using the oligonucleotide: 


S\ACTCAACATCAGCA TCAAGCTGCT- 
TAAGY 


The resulting plxemid is then digested with Bgili and 
EcoRI and the variant B napus: EPSP synthase gene is 
isolated and inserted into a plant transformation vector 
similar to pMON987 described hereinbefore. This plas- 
mid is then introduced into an appropriate Agrobacte- 
rium strain such as ACO, described hereinbefore, 2nd 
used to transform plants such as Brassica napur. Plants 
which have integrated this plasmid, or anotber similar 
plasmid constructed with this gene into their genomes 
will be tolerant to glyphosate. 

VI. EPSP Synthase Gene From Maize 


Construction of » Glyphosate Tolerant Maize Gene 


Maize seeds were imbibed for 12 hr in water, the 
embryos, including the scutella, were dissected from the 
seeds and RNA was purified from this materia) by the 
method of Rochester et al (1986). PolyA-mRNA was 
isolated from the RNA by chromatography on oligo dT 
cellulose, and was used to construct s cDNA library as 
described hereinbefore. The Hbrary was screened with a 
2P jabelled RNA probe synthesized in vite from 
pMON9717 (tomato EPSP synthase cDNA) which had 
been linearized with HindIt]. The probe was synthe- 
sized with T?7 RNA polymerase (Promega, Madison, 
Wis.) according to the manufacturers instructions. Hy~ 
bridizing plaques were isolated, replated and nitrocellu- 
lose lifts from the plates were screened with the same 
probe, Plaques representing single clones which hybrid- 
ized strongly to the tomato probe were isolated, propa- 
gated and used to prepare DNA. A clone designated 
lambda-zid was found te contain a 1.8 kb EcoRI insert. 
‘The insert of this phage was subcloned into the EcoRI 
site of Blucscript KS+ (Strategene, San Diego, Calif.) 
to form pMON9935. The complete sequence of this 
cDNA clone wes determined and ured to deduce the 
amino ecid sequence shown in FIG. L To facilitate 
future constructions an Xba [ site was engineered fmimr- 
diztely upstream of the firet ATG initiation codon of 
this clone by oligonucleotide mediated mutagenesis by 
the method of Kunkel using the oligouuckeatide: 


S-TACCAACCATOOGCUITTAGAGA 
CAATGGCOGCY 


producing plasmid pMON9950. pMON9950 was di- 
gested with Xba J and religzted (to climinate the 126 bp 
Xba I fragment at the 5‘ end of the cDNA forming 
pMON9S951. To produce 2 coding sequence which en- 
codes for a glyphosate tolerant form of maize EPSP 
synthase, pMON9951 was motated by the method of 
Kunkel using the oligonucleotide: 


S-CTICTTGGOGAATGCTOCTACT- 
GCAATOCOGC-Y 


resulting in pMON99). This mutagensis will change 2 
residue in the conserved sequence 
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—L—G—N—A—G—T--A— to an alanine in the 
resulting protem. The glycine residue is amino arid 163 
of the predicted maize preEPSP synthase. This would 
correspond to amino acid 95~105 of the mature protein 
depending on the precise transit peptidase cleavage site 
which has not been determined. pMON9960 was then 
mutagenized by the same method with the oligonucieo- 
tide. 

S-ATCOGATTGAAGCAGCTTOACG- 
CAGATOTTOAT.S’ 


resulting in the formation of pMON8617, which would 
include the aspartate for glycine substitution at position 
206 of the maize EPSP synthase precursor. This would 
correspond to a position between amino acid residues 
139 and 149 of the mature protein. 

To demonstrate that this alteration produced a gly- 
phosate tolerant form of maize EPSP synthase, protein 
was produced fram pMON9951 and pMON8617 by in 
vitro transcription with T7 RNA polymerase, followed 
by in vitro translation es follows: Pissmid DNA 
(PMON9951 and pMONE6I7) containing the foll- 
length EPSP synthase cDNA was Hnearized with 
EcoRI, The linearized plasmid DNA was transcribed in 
vitro with T7 polymerase essentially as described by 
Krieg et al. (1984). The standard reaction buffer con- 
tained 40 mM Tris-HCi (pH 7.9), 6mM MgCh, }0 mM 
dithiothreitol, 2 mM spermidine, 80 U-RNAsin ribuoou- 
clease inhibitor, 0.5 mM each of ATF, GTP, CTP and 
UTP, in e fina] reaction volume of 100 yl The final 
RNA pellet was resuspended in 20 pl of sterile water 
and stored at'—-80° C. A standard translation reaction 
contamed 100 p! of nuclease-treated rabbit reticulocyte 
fysate, 5.7 pl of'a 19-amino acid mixture (minus methio- 
nine) at | mM each, 5.7 pl of RNA (toral RNA tran- 
setipts derived from 0.63 pg of plasmid DNA), 16 pl 
RNAsin (200/pl) ribonuctease inhibitor, and 58.3 pi of 
PS} methionine (14-15 mCi/ml). The in vitro transla- 
tion products were stored frozen at —80* C. 

The products of the in vitro translation were then 
assayed for EPSP synthase activity as described herein. 
The product of pMON8617 showed detectable EPSP 
synthase activity in the absence of glyphosate. When 
the assay was repeated in the presence of 1.0 mM gly- 
phosate no activity was detected. In contrast the variant 
preenzyme product of pMON8617 showed a high level 
of tolerance to glyphosate, showing only slight imbibi- 
tion at 1 mM glyphosate, 2595 inhibition at 10 mM 
glyphosate and greater iniibition, but still showing 
detectxble activity xt 100 mM glypbosaic. 

For epression in maize cells the coding sequence of 
the glyphosate tolermnt variant form of maize pre-EPSP 
synthase ts excised fram pMON9960 and inserted be- 
tween a promoter known to function in maize cells, 
such as the CaMV355 promoter, and the poly A addi- 
tion site of the nopaline synthase gene or another suit 
she gene, In sddition, an intron such as the first intron 
of the maize ADHI gene may be included in the 5’ 
untranslated region of the expression unit which may 
enhance expression of the chimeric gene (Callis et al, 
1987}. 

One such, vector was constructed as follows: the 
plasmid pUCI19 (described herembcfore) was digested 
with Eco RE and Hind 0. The synthetic DNA frag- 
ment: 
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S-AATTGOCGGCOCGCGRRAACT- 
Geaccercaqosacceoc-y 


J-CGCCOGCGCAATT- 
DACGTCOGGOCCOCHGGOGTCGA-S 


was inserted into the digested plasmid ta create 
pMON914. Through a series of standard cloning steps 
the enhanced version of the 35S promoter (Kay et al. 
1987) 2 multilinker sequence, and 3’-end of the nopaline 
syuthase gene were inserted into plasmid pMON914 to 
form pMON9948. A 557 bp BCII/BamHI fragment 
containing the first intron of the maize ADHI1 gene 
(Callis et al. 1987) was inserted into the BgiT site of 
pMON9948 to form pMON9955. For expressioa in 
maize cells and plants the coding sequence of the var 
ant EPSP synthase was removed from pMON8617 on 
an Xba EcoRI fragment and inserted into phtON9955 
which had been digested with XbaI and ExoRI result- 
ing in pMON263! (FIG. 7). This plasmid contains an 
expression unit consisting of the enhanced version of 
the CaMV 35S promoter, the first intron of the maize 
ADHI gene (in the 5’ untranslated sequence), the maize 
preEPSP synthase cDNA with the glycine to alanine 
and glycine to aspartate changes and the nopaline syu- 
thase J-end. 

Transgenic maize cells can be prepared by bombard- 
ing muize cells, such as the suspension linc BMS! 
(ATCC 54022), with particles coated with pMON8431 
by the method of Klein ef al. (1988) or the method of 
Christou ef al. (1988). The cells are then selected FOR 
1-3 weeks in medium containing 5 mM glyphosate fot- 
lowed by selection on solid medium containing 5 mM 
giyphosase. Calli which have incorporated and are ex- 
pressing the chimeric variant EPSP synthase gene can 
be identified by their rapid growth on the solid medium. 

Alternatively the EPSP synthase expression unit is 
inserted into a vector which includes the neomycin 
phosphotransferase gene under control of the 
CaMV 35S promoter, or 2 similar vector with a different 
marker gene that allow for a selection of transformed 
maize cells. This vector, or a similar vector using any 
other glyphosate resistant coding sequences con 
structed as described im the claims and examples of this 
application, is then introduced into maize cells as de- 
scribed in the following example. 

Preparntion of Maize Protoplasts 

. Protoplasts are prepared from 2 Black Mexican 
Sweet (BMS) maize line, BMSI (ATCC 
$4022) as described by Fromm et al. (1985 and 1986). 
BMSI suspension cells are grown ia BMS medi 
which contains MS salts, 20 g/1 microse, 2 mg/l} 7,4- 
dichlorophenoxy scctic acid, 200 mg/l inositol, 130 
mg/l asparagine, 1.3 mg/l niacin, 0.25 mg/l] thiamine, 
0.25 mg/l pyridaxine, 0.25 mg/t calcium pxntothenate, 
pH 45.8. 40 wl cultures in 125 eclenmeyer flasks are 
shaken af 150 rpm at 26" C. The culture is diluted with 
an equal volume of fresh medinm every 3 days. Proto- 
plests are isolated from actively growing cells 1 to 2 
days after adding fresh medium. For protoplast fsola- 
tion, cells are pelleted at 200 X g in a swinging bucket 
table top centrifuge. The supernatant ix raved a condi- 
tioned medium for culturing the protoplasts. Six ml of 
packed cells are in 40 mi of 02M man- 

nitol/50 mM CsCi2/10 mM sodium acetate which 
contains 1% cellulase, 0.5% hemicellulase and 0.02% 
pectinase. After incubation for 2 hours at 26° C., prato- 
plasts are separated by filtration through 2 60 um nylon 
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mesh screen, centrifuged at 200 X g and washed ance in 
the tame tolution without enzymes. 


Transformation of Maize Protoplasts Using an 
Electroporation Technique 

Protoplasts are prepared for electroporation by wash- 
ing in a solation containing 2 mM potassium phosphate 
pH 7.1, 4 mM calcium chloride, 140 mM sodium chlo- 
ride and 0.2M mannitol. After washing, the protoplasts 
are resuspended in the same solation at x concentration 
of 4 X tOE6 protoplasts per ml. One-half ml of the 
protoplast containing solution is mized with 05 ml of 
the same solution containing $0 micrograms of super- 
coiled plasmid vector DNA and placed in a 1 ml elec- 
troporation cuvette, Electroporation is carried ont xs 
described by Fromm et al, (1986) As described, am 
electrical pulse is delivered from a 122 of 245 micro- 
Farad capacitor charged to 200 V. After 10 minutes at 
4° C. and 10 min at room temperator: protoplasts are 
diluted with 8 mt of medium containing MS salts 0.3M 
mannitol, 2% sucrose, 2 mg/l 2,4-D, 20% conditioned 
BMS medium (see above) and 0.1% low melting aga- 
rose. After 2 weeks in the dark at 26° C., mediam with- 
out mannitol and containing kanamycin is added to give 
a final concentration of 100 mg/l kanamycin. After an 
additional 2 weeks, microcalli are removed from the 
liquid aud placed on x membrane filter disk above aga- 
rose-solidified medium containing 100 mg/] kanamycin. 
Kanamycin resistant calli composed of transformed 
maize cells appear after 1-2 weeks, 


Glyphosate tolerant maize cells 


As described by Fromm ct al. (1986), transformed 
maize cells can be telected by growth in kanamycin 
contining medium following electroporation with 
DNA vectors contaming chimeric kanamycin ress. 
tance gees composed of the CaMV358 promoter, the 
NPT coding region and the NOS Y end. These cells 
would also be producing the glyphosate tolerant form 
of EPSP synthase and would tolerate elevated levels of 
glyphosate. 

The electroporated cells could also be selected as 
described abave by transferring them directly into gly- 
phosate containing liquid medium followed by selection 
on solid medium contaming glyphosate. 

Alternative methods for the introductian of the plas- 
mids inte maize, or other monocot cells would include, 
bot are not Hmited to, the injection method of Newhaus 
et al. (1987), the injection method of de la Pena et al. 
(1987) ar the microprojectike methods of Kicin ct al. 
(1987) and McCabe et al, (1988). 

The embodiments described above are provided to 
better elucidate the practice of the present invention. It 
should be understood that these embodiments are pro- 
vided for ilustrative purposes only, and are not in 
tended to limit the scope of the invention. - 
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We claim: © 

1, A method for producing a gene encoding 2 glypho- 
sate-tolermnt 5-enalpyruvy}-3-phosphoshikimate 
(EPSP) synthase enzyme which comprises the steps of 
altering a gene encoding EPSP synthase to cause the 
substitution of an alanine residue for the second glycine 
residue in a first amino acid sequence: 


—L—~GN—A-G—-T-A— 


Jocated berveen positions 80 and 120 in a mature EPSP 
synthase sequence and further altering said gene to 
cause the substiration of m amino acid residue selected 
from the group consisting of aspartic acid md uspara- 
gine for the terminal glycine residue in a second amino 
acid sequence: 


ee Ee RK pore hone we oh kn pn 
TOM eat A 


wherein x}, 12, 13, U4 (62nd x7 are any amino acid resi- 
dus, and x5 is either argimine or lysine, said second 
amino acid sequence located between positions 120 and 
160 in the mature EPSP synthase sequence. 

2. A method of claim 1 m which the glyphosate-toler- 
eut EPSP synthase ix produced from e plont EPSP 
synthase. ‘ 

3..A method of claim 1 in which the glyphosate-toler- 
mt EPSP synthase is produced from a wild-type bacte- 
rial EPSP synthase. 

4 A method of claim 1 in which the glycine residue 
of the second amino acid sequence is replaced with an 
aspartic acid residue. 
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